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A KEY FUNCTION OF HEPATOCYTES is the synthesis and transport of bile acids, which are critical regulators of lipid metabolism. However, in high concentrations several bile acids are hepatotoxic (42, 48) . Of importance, the liver architecture is such that high levels of bile acids are normally separated from the sinusoidal blood. Canaliculi between hepatocytes coalesce into intrahepatic bile ducts lined by bile duct epithelial cells (BDECs). This cellular barrier separates these toxic bile constituents from the liver microcirculation. Damage to intrahepatic bile ducts causes disruption of bile flow (cholestasis), exposes other nonparenchymal cells and hepatocytes to toxic concentrations of bile acids, and elicits hepatocyte injury (56) . In humans, altered BDEC homeostasis or injury occurs in multiple diseases including primary biliary cirrhosis, primary sclerosing cholangitis, and graft vs. host disease. In addition, infection and exposure to various drugs and xenobiotics can induce BDEC injury (56) .
Several mouse models have been used to study the mechanisms of liver injury during cholestasis. For example, damage to intrahepatic bile ducts is modeled by the treatment of rodents with the chemical ␣-naphthylisothiocyanate (ANIT) (45) . ANIT is metabolized in hepatocytes and transported into the bile as a glutathione (GSH)-conjugate by the transporter MRP2 (8, 16, 49) . The instability of the ANIT-GSH conjugate and recycling rounds of ANIT metabolism results in high ANIT concentration in the bile. This causes BDEC damage and the formation of foci of hepatic necrosis characterized by dead hepatocytes and accumulated bile. Indeed, large doses of ANIT cause marked cholestasis, inflammation, and hepatocellular injury in mice and rats (6, 34, 49) . The mixed cholestatichepatocellular injury caused by ANIT in rodents resembles injury induced by some drugs and xenobiotics (45, 47) . To this end, ANIT is a useful model compound to study the mechanisms of liver injury caused by acute intrahepatic bile duct injury.
ANIT-induced BDEC damage and hepatic necrosis formation provokes various mechanisms of injury progression involving extrahepatic factors. For example, ANIT-treated BDECs released a chemotactic factor for neutrophils (27) , and neutrophils accumulate within foci of hepatic necrosis (14, 34) . Neutrophil depletion and deficiency in the adhesion molecule CD18 protected against ANIT-induced liver damage (14, 34) . Other extrahepatic cell types may also contribute to the progression of ANIT-induced hepatotoxicity. For example, platelet depletion inhibited ANIT-induced liver injury (3) . This indicates that extrahepatic factors are required for the full manifestation of ANIT-induced liver damage. The role of platelets in ANIT-induced liver injury is not completely understood but may involve activation of the coagulation cascade.
The liver is a critical organ in the regulation of blood coagulation. Hepatocytes synthesize and release numerous coagulation factors into the blood, including fibrinogen and prothrombin, as well as anticoagulant factors such as protein C. Of importance, several hepatotoxic chemicals and drugs have been shown to activate the coagulation cascade (11, 22, 24, 44) . This is reflected by thrombin generation, decreased plasma fibrinogen and deposition of fibrin in the liver sinusoids.
Moreover, anticoagulants afforded protection against the liver damage induced by diverse xenobiotics (11, 24, 44) . This indicates that coagulation contributes significantly to the liver damage induced by some xenobiotics. However, the role of coagulation in ANIT-induced intrahepatic cholestasis is not known. Moreover, few studies have examined the mechanism of xenobiotic-induced coagulation activation in models of hepatotoxicity.
The coagulation cascade is initiated by tissue factor (TF) expressed on the extracellular membrane of various cells. The cell type-specific distribution of TF expression particularly around blood vessels reduces bleeding after injury (39) . TF is also expressed in a tissue-specific manner. The brain, heart, lung, and kidney express high levels of TF, whereas organs such as spleen and liver express lower levels of TF (39, 40) . Indeed, the liver architecture allows for the regular exposure of various cells, including hepatocytes, to components of the plasma. To this end, the low level of TF expression in the liver may prevent inappropriate activation of coagulation. We have generated mice that express very low levels of TF (43) . These so-called "low-TF mice" have normal livers, suggesting that TF is not required for liver hemostasis.
Few studies have examined the expression of TF in the liver and its contribution to hepatic coagulation and injury. Isolated hepatocytes expressed low levels of TF activity (52) . Moreover, TF expression is inducible in stellate cells and Kupffer cells (2, 5) . Xenobiotic induction or activation of hepatic TF could contribute significantly to coagulation and tissue injury. For example, we have shown that acetaminophen-induced coagulation in mice was TF dependent and that this contributed to the hepatotoxicity in a model of acetaminophen overdose (24) . In other studies, TF antisense oligonucleotide treatment or administration of a TF inhibitor called tissue factor pathway inhibitor reduced hepatic ischemia-reperfusion-induced liver injury (41, 57) . Accordingly, TF may play an important role in coagulation and hepatotoxicity.
In the present study, we sought to characterize the expression of TF in normal liver using immunofluorescence and to determine the role of TF in coagulation induced by ANIT exposure. Our results indicated that in normal liver TF is expressed by BDECs. Accordingly, we used a genetic approach to test the hypothesis that coagulation and liver injury are TF dependent in a model of ANIT-induced intrahepatic cholestasis.
MATERIALS AND METHODS
Mice. Male, wild-type C57Bl/6J mice used for these studies were purchased from the Jackson Laboratory. The embryonic lethality of murine TF deficiency (mTF Ϫ/Ϫ ) was rescued by the expression of human TF (hTF) at 1% of normal levels from a transgene. The generation of these low-TF mice (mTF Ϫ/Ϫ hTF ϩ ) has been described previously (43) . Male low-TF mice (mTF Ϫ/Ϫ hTF ϩ mice) and heterozygous littermate control mice (mTF ϩ/Ϫ hTF ϩ mice) backcrossed six generations onto a C57Bl/6J background between the ages of 8 and 12 wk were used for these studies. Mice were maintained in an AAALAC-accredited facility at the University of Kansas Medical Center. Mice were housed at an ambient temperature of 22°C with alternating 12-h light-dark cycles and allowed water and rodent chow ad libitum (Teklad 8604; Harlan, Indianapolis, IN). All animal procedures were performed according to the guidelines of the American Association for Laboratory Animal Science and were approved by the University of Kansas Medical Center Institutional Animal Care and Use Committee.
ANIT hepatotoxicity model. Fasted mice were treated with ANIT (Sigma-Aldrich, St. Louis, MO) dissolved in corn oil (60 mg/kg po) or corn oil alone [control (vehicle) treatment] at 10 ml/kg. The dose-response curve for acute ANIT-induced cholestatic liver injury in mice is steep, and doses between 50 and 80 mg/kg produce similar liver histopathology in mice (34, 49, 58) . Food was returned after treatment with ANIT or vehicle. The mice were anesthetized with isoflurane 24 or 48 h after ANIT treatment for the collection of blood and liver samples. Blood was collected from the retroorbital venous plexus and allowed to clot, and serum was collected by centrifugation. Blood was also collected from the caudal vena cava into a syringe containing sodium citrate (final concentration 0.38%). Plasma was collected from this blood by centrifugation. Sections of liver from the left lateral lobe were fixed in 10% neutral-buffered formalin. The right medial lobe was affixed to a cork with optimal cutting temperature compound and frozen for 3 min in liquid nitrogen-chilled isopentane. The remaining liver was snap frozen in liquid nitrogen.
Immunofluorescent staining. For TF staining, frozen, isopentanefixed livers were sectioned and fixed in 75% acetone-25% ethanol at room temperature for 5 min, washed with phosphate-buffered saline (PBS), and then blocked with 10% goat serum, 3% bovine serum albumin, and 2% mouse serum in PBS for 1 h at room temperature. The sections were then incubated with the monoclonal rat anti-mouse TF antibody 1H1 (33) (10 g/ml in block solution) overnight at 4°C. Sections were washed with PBS and then incubated with a goat anti-rat IgG-Alexa 488-conjugated antibody (1:500 in block buffer; Invitrogen, Carlsbad, CA) for 3 h at room temperature and then washed with PBS. For CK19 costaining, sections were then incubated for 1 h at room temperature with a rabbit anti-mouse cytokeratin 19 (CK19) antibody (IgNex, Portland, OR) diluted 1:1,000 in block buffer. The sections were washed with PBS and then incubated for 3 h at room temperature with a donkey anti-rabbit IgG-Alexa 594 conjugated antibody (Invitrogen) diluted 1:500 in block buffer. The slides were then washed with PBS, and fluorescent staining in the livers sections was visualized by using an Olympus BX41 microscope (Olympus, Lake Success, NY). Images were captured with an Olympus DP70 and merged by use of the Olympus DP Manager software. Immunofluorescent staining of cultured BDECs was accomplished by using an identical protocol with the addition of DAPI-containing Prolong anti-fade solution (Invitrogen) prior to visualization. Fibrin staining was performed using a rabbit anti-human fibrinogen antibody (Dako) as described previously (24) .
Clinical chemistry and thrombin-antithrombin measurement. The serum activities of alanine aminotransferase (ALT) and alkaline phosphatase (ALP) were determined by use of commercially available reagents (Pointe Scientific, Canton, MI). The level of bile acids in serum was determined by using a commercial kit (Bio-quant, San Diego, CA). Thrombin-antithrombin levels in plasma were determined with a commercial ELISA kit (Siemens Healthcare Diagnostics, Deerfield, IL).
Single-stage clotting. Snap frozen liver was homogenized in a saline solution containing 15 mM n-octyl-␤-D-glucopyranoside and 25 mM HEPES and incubated for 15 min at 37°C. The homogenate was diluted with 25 mM HEPES to achieve a final concentration of 5 mM n-octyl-␤-D-glucopyranoside, and the procoagulant activity of each homogenate was measured by using a single-stage clotting assay as described previously (24) by use of a Start4 coagulation analyzer (Diagnostica Stago) and mouse plasma (Innovative Research, Southfield, MI). Clotting times were converted to procoagulant activity by comparison with a standard curve established with mouse brain extract. The procoagulant activity of each sample was normalized to total protein concentration determined by a Bio-Rad DC protein assay (Bio-Rad). The TF-dependent procoagulant activity of each homogenate was determined by performing each assay in the presence of 50 g/ml anti-TF antibody (33).
Histopathology. Formalin-fixed livers were processed routinely, sectioned at 5 m, stained with hematoxylin and eosin, and evaluated by light microscopy. Three sections of liver were evaluated from each animal. Sections were ϳ1-1.5 cm long and 0.3-0.5 cm wide (at the widest part). Each section was evaluated in its entirety. The liver slides were scored on a five-point system, without foreknowledge of the slide number or the treatment group: 0 ϭ no lesions; 1 ϭ a few individualized necrotic hepatocytes or a few small foci of hepatocellular necrosis; 2 ϭ many small, Ͻ100-m diameter foci of hepatocellular necrosis; 3 ϭ mainly small, Ͻ100-m diameter foci of hepatocellular necrosis, but a few foci larger than 100-m diameter; 4 ϭ many prominent, Ͼ100-m diameter foci of hepatocellular necrosis; and 5 ϭ confluent, extensive necrosis.
Fibrin Western blotting. Frozen liver (50 mg) was homogenized in sodium phosphate buffer (pH 7.5) containing 100 mM ε-aminocaproic acid, 5 mM EDTA, 10 U/ml heparin, 2 mM PMSF, and protease inhibitors (Roche). The homogenate was rotated end over end overnight at 4°C and then subjected to centrifugation at 10,000 g for 10 min at 4°C. The resulting pellet was washed with the extraction buffer and the centrifugation was repeated. The resulting pellet was then resuspended in 1 ml of 3 M urea, rotated end over end for 2 h at 37°C, and then subjected to centrifugation at 14,000 g for 15 min at 4°C. The pellet was then resuspended in 200 l of 2ϫ SDS sample buffer (Invitrogen) and reduced by boiling for 5 min in the presence of 2-mercaptoethanol. The protein samples were separated by electrophoresis on NuPAGE Novex 4 -12% Bis-Tris gels (Invitrogen) and transferred to Immobilon-P membrane (Millipore). The levels of thrombin-cleaved fibrin were determined by using the 59D8 antibody (kindly provided by Dr. Charles Esmon, Oklahoma Medical Research Foundation), which specifically detects fibrin formed by thrombin cleavage (54) . Membranes were incubated overnight at 4°C with a 1:1,000 dilution of the 59D8 antibody followed by incubation for 1 h at room temperature with a secondary anti-mouse IgG-horseradish peroxidase-conjugated Ab diluted at 1:2,000 (Cell Signaling Technology). Membranes were washed and incubated with Supersignal West Pico substrate (Pierce Biotechnology) solution and exposed to Classic Blue Film BX (Midwest Scientific). Densitometry was performed by using Gel Pro 4.5 Gel Blot Analysis software outfitted with an Epson Expression 1,680 transparency scanner.
RNA isolation, cDNA synthesis, and real-time PCR. RNA was isolated from 75 mg of snap-frozen liver using TRI reagent (Molecular Research Center, Cincinnati, OH) according to the manufacturer's protocol. One microgram of RNA was utilized for the synthesis of cDNA by using a High Capacity cDNA Reverse Transcription kit (Applied Biosystems) and MyCycler thermal cycler (Bio-Rad). Levels of TF and GAPDH mRNA were determined by using TaqMan gene expression assays and TaqMan gene expression master mix (Applied Biosystems) on an ABI Prism 7300 sequence detection system (Applied Biosystems). The expression of TF was normalized relative to GAPDH expression levels, and relative expression level determined by the comparative cycle threshold method.
Hepatocyte isolation. Under pentobarbital anesthesia (50 mg/kg ip), the abdominal cavity of the mouse was opened, and the inferior vena cava cannulated with an intravenous catheter (24 gauge ϫ 3/4", Terumo Medical, Elkton, MD). Infusion tubing connected to a pump was inserted into the catheter, and the liver was perfused with 50 ml of calcium-and magnesium-free Hanks' balanced salt solution (HBSS, Sigma Chemical) supplemented with 0.5 mM EGTA, 5.5 mM glucose, and penicillin-streptomycin (Sigma Chemical). At this time, the portal vein was cut and the anterior vena cava between the heart and diaphragm clamped with a small hemostat. The liver was then perfused with 40 ml of calcium-and magnesium-free HBSS supplemented with 1.5 mM calcium chloride, 5.5 mM glucose, penicillinstreptomycin, and 3,595 units of type IV collagenase (Sigma Chemical). The liver was removed and the digested product centrifuged at 50 g for 2 min to pellet the hepatocytes. The hepatocytes were washed three times with Williams' medium E (Invitrogen) and then cultured in Williams' medium E containing 10% FBS and penicillin-streptomycin. After a 3-h attachment period, the medium with unattached cells was removed, and fresh medium was added. Typically, 98% of the cells in the final preparation were hepatocytes, and the viability of the isolated hepatocytes was Ͼ90% by the criterion of Trypan blue (Sigma Chemical) exclusion.
BDEC isolation. BDECs were isolated as described previously (27) . Briefly, mouse livers were perfused as described above for hepatocyte isolation. After perfusion with collagenase-containing buffer, the liver was removed and combed to remove hepatocytes. The remaining tissue was transferred to a 100-mm dish, minced with scissors, and digested in 50 ml of HBSS containing 12,365 U collagenase, 5 mg DNAse (Sigma Chemical), 90 mg hyaluronidase (Sigma Chemical), and 50 mg soybean trypsin inhibitor for 1 h at 37°C. The solution was centrifuged at 50 g for 2 min to remove undigested material, and the remaining supernatant was centrifuged for 6 min at 850 g. The resulting pellet was resuspended in 6 ml of 32% isotonic Percoll (Sigma Chemical). This solution was overlaid with 6 ml of 90% isotonic Percoll and centrifuged for 6 min at 1,250 g. The cells contained at the interface of the two Percoll solutions were removed, diluted to 50 ml with 1ϫ phosphate-buffered saline, and centrifuged for 6 min at 850 g. The resulting pellet was resuspended in RPMI-1640 (Sigma Chemical) containing 10% FBS and penicillin-streptomycin. The cells were cultured on collagen-coated BD Falcon culture slides overnight prior to fixation and immunofluorescent staining.
Statistics. Comparison of two groups was performed by Student's t-test. Comparison of three or more groups was performed by one-way analysis of variance and Tukey's post hoc test. The criterion for statistical significance was P Ͻ 0.05.
RESULTS
Tissue factor expression in normal liver. First, we determined the effect of genetically reducing TF levels on the procoagulant activity of liver extracts from wild-type mice. Compared with mTF ϩ/ϩ hTF ϩ mice, liver procoagulant activity (PCA) was reduced by about 50% in mTF ϩ/Ϫ hTF ϩ mice and 90% in livers from mTF Ϫ/Ϫ hTF ϩ mice (low-TF mice) (Fig. 1A) . In agreement with this result, liver PCA in wild-type mice was inhibited by preincubation of liver extracts with 50 g/ml rat anti-mouse TF antibody called 1H1 (Fig. 1B) . Immunofluorescent staining of liver sections from naive wild-type mice revealed TF staining localized to portal areas of the liver ( Fig. 2A) . TF staining was not observed around central veins (not shown). Costaining of liver sections revealed colocalization of TF and cytokeratin 19 (CK19), a selective marker of BDECs in liver (Fig. 2, B and C) . TF staining was also observed on some vessels in periportal areas. In agreement with the expression of TF by BDECs in vivo, colocalization of TF and CK19 staining was also observed in isolated primary mouse BDECs (Supplemental Fig. S1 , which is available online at the American Journal of Physiology Gastrointestinal and Liver Physiology website).
ANIT-induced liver injury in mice. Our finding that BDECs may be a source of TF in the liver prompted us to determine whether injury to BDECs affects liver TF activity and coagulation. To this end, we established a model of ANIT-induced acute liver injury. In agreement with other studies, serum ALP activity and bile acid levels were significantly increased 24 h after ANIT treatment and continued to increase at 48 h (Fig. 3, A and B) . Serum ALT activity was significantly increased 24 h after ANIT treatment and increased further at 48 h (Fig. 3C ).
Mice treated with vehicle had no necrotic lesions. As previously reported with the ANIT model in rodents (18, 25, 45) , lesions at 24 h after ANIT administration consisted of necrosis of intrahepatic bile ducts and sharply demarcated multifocal hepatic parenchymal necrosis, generally in periportal areas. The multifocal necrotic foci contained free erythrocytes, proteinaceous debris, and pyknotic cells. Neutrophils infiltrated the portal triads and the necrotic parenchymal foci, and occasional neutrophils infiltrated the unaffected areas of parenchyma. The affected portal areas were edematous. Throughout the sections, hepatocytes were depleted of glycogen. At 48 h after dosing, the necrotic foci in the hepatic parenchyma were larger and more numerous. In portal areas, the neutrophilic infiltrate was more pronounced. At both 24 and 48 h, some of the remaining, nonnecrotic BDECs were hypertrophic and hyperplastic, consistent with proliferation, and a few mitotic figures were present. One low-TF mouse was not scored because of an underlying background lesion (peliosis hepatitis).
TF expression in ANIT-induced liver injury. ANIT-induced liver injury induces both BDEC death and proliferation (35).
Our results indicate that the BDECs express TF. Accordingly, we determined whether ANIT treatment impacted hepatic TF levels. Liver TF mRNA levels were transiently increased 24 h after ANIT treatment (Fig. 4A) . Liver TF activity increased significantly 48 h after ANIT treatment (Fig. 4B) . A slight increase was also observed at 24 h, although this did not achieve statistical significance. Intense TF immunostaining associated with areas of marked CK19-positive BDEC proliferation was observed 24 h after ANIT treatment (Fig. 2, D-F) . At 48 h after ANIT treatment, CK19 and TF staining was colocalized but discontinuous near areas of hepatic necrosis (Fig. 2, G-I) .
ANIT treatment induces coagulation. The colocalization of discontinuous TF and CK19 staining in the livers of ANITtreated mice suggests that damage to intrahepatic bile ducts exposes sinusoidal blood to TF expressed by the BDECs. Accordingly, we determined whether ANIT treatment of mice activated the coagulation cascade. ANIT treatment increased the plasma levels of thrombin-antithrombin (TAT), a biomarker of coagulation activation, 2.5-fold after 24 h and 8-fold by 48 h (Fig. 5A) . Increased hepatic fibrin levels in liver extracts from ANIT-treated mice were determined by Western blotting using the monoclonal antibody 59D8, that specifically detects fibrin generated by thrombin cleavage (Fig. 5B) . Next, we used immunofluorescence to determine the localization of insoluble fibrin in liver sections. Minimal fibrin deposition was observed in livers of vehicle-treated mice (Fig. 5C ). In contrast, marked fibrin deposition was observed within areas of hepatocellular necrosis 48 h after ANIT treatment (Fig. 5, D and E) . Taken together, the results indicate that ANIT treatment activates the coagulation cascade and causes hepatic fibrin deposition in mice.
Role of TF in ANIT-induced coagulation and hepatotoxicity. We used a genetic approach to determine the role of TF in ANIT-induced coagulation and hepatotoxicity. Plasma TAT levels were increased at 24 h and remained elevated at 48 h in ANIT-treated mTF ϩ/Ϫ hTF ϩ mice (control mice). Plasma TAT levels were significantly reduced in the ANIT-treated low-TF mice at both time points (Fig. 6A) . Consistent with the reduced coagulation, hepatic fibrin levels were significantly reduced at 48 h in the ANIT-treated low-TF mice compared with ANITtreated control mice (Fig. 6B) . ANIT treatment increased the serum levels of ALP activity, bile acids and ALT activity at 24 and 48 h in control mice. Serum ALP activity and bile acid levels were significantly reduced in ANIT-treated low-TF mice at 48 h, but not at 24 h, compared with ANIT-treated control mice (Fig. 6,  C and D) . Moreover, serum ALT activity did not significantly increase between 24 and 48 h in the low-TF mice (Fig. 6E) . Assessment of liver histopathology indicated that the severity of hepatocellular necrosis was reduced in ANIT-treated low-TF mice compared with ANIT-treated control mice (Table 1 and Fig. 7 ).
DISCUSSION
ANIT hepatotoxicity in mice was associated with activation of the coagulation cascade as indicated by increased plasma TAT levels and deposition of fibrin in areas of hepatic necrosis. ANIT-induced coagulation was inhibited by TF-deficiency, indicating that TF contributes significantly to ANIT-induced coagulation. Of importance, the inhibition of TF-dependent coagulation was associated with a reduction of ANIT-induced cholestatic liver injury and damage to hepatic parenchymal cells. Taken together, our results suggest that TF-dependent coagulation contributes to ANIT hepatotoxicity in mice.
Previous studies showed that TF levels were significantly lower in the liver compared with other tissues (40). Despite this relatively low level of TF, our data indicate that the liver expresses detectable TF-dependent procoagulant activity. The basal expression of TF by various cell types in the liver has not been systematically evaluated. However, it has been suggested that TF is expressed by hepatic parenchymal cells (52, 55) . Moreover, several studies have shown that TF expression is inducible in hepatic nonparenchymal cells including Kupffer cells and stellate cells (2, 5) . Our data indicate that TF is expressed by BDECs that constitute intrahepatic bile ducts and that TF expression increases during cholestasis. Immunostaining suggesting TF expression on BDECs in human livers has been reported by some (21) but not all studies (17) . The expression of TF by BDECs is consistent with the expression of TF by epithelial cells in other organs such as the kidney and lung (4, 37) . Further studies are required to elucidate the physiological significance of TF expressed by BDECs. The expression of TF by these cells prompted us to elucidate whether injury to these cells elicited a procoagulant response in the liver.
Administration of high doses of ANIT or feeding a diet containing 0.1% ANIT to mice induces BDEC proliferation, which reflects a compensatory response to the damaging effects of ANIT (1, 35, 36) . We found that TF staining was associated with areas of BDEC proliferation after ANIT treatment. ANIT treatment induced a transient increase in liver TF mRNA levels at 24 h and a persistent increase in liver TF activity at 48 h. These results suggest that ANIT-induced bile duct proliferation is associated with an increase in liver TF expression and activity, although the expression of TF by other cells, such as hepatocytes, during ANIT-induced cholestasis deserves further examination. The progression of ANIT-induced injury included marked bile duct damage as indicated by increased serum ALP activity and discontinuous CK19 staining near areas of hepatic necrosis. Of importance, TF staining was scattered throughout the liver parenchyma near damaged bile ducts. This suggests that ANIT-induced liver injury exposes TF to the sinusoidal blood and causes necrosis. The finding that mouse BDECs express TF in vivo and in vitro suggests that, as an important cellular target of ANIT toxicity in the liver, TF expressed by BDECs may contribute to ANIT-induced coagulation. However, we also determined that isolated primary mouse hepatocytes express a low level of TF-dependent procoagulant activity (not shown) Given that even low levels of TF are sufficient to induce pathological activation of coagulation, additional investigation is required to elucidate the contribution of TF expressed by different cell types to coagulation induced by ANIT in vivo.
The liver is a key organ in the regulation of coagulation as hepatocytes synthesize numerous coagulation factors and anticoagulant proteins (51) . To this end, coagulation activation is likely under strict control. One important question is how local TF-induced coagulation is inhibited in the normal liver. Previous studies have shown that deficiency in various anticoagulant proteins including tissue factor pathway inhibitor, antithrombin, or protein C in mice results in embryonic or perinatal hepatic fibrin deposition (28, 30, 32) . Another possibility is that the TF expressed by BDECs and other liver cells is not exposed to blood under normal conditions. For instance, TF expression may be restricted to the apical membrane of BDECs. In agreement with our TF immunostaining, bile duct injury and/or injury to the peribiliary plexus may result in the exposure of BDEC TF to the hepatic blood supply and activate coagulation. Alternatively, TF activity rather than its spatial distribution may be a key regulatory factor. Indeed, in polarized intestinal epithelial cells the basolateral levels of anionic phospholipids and TF activity were lower compared with the apical membrane (26) . To our knowledge, this has not been characterized in detail in polarized cholangiocytes. However, it is interesting to note that the phospholipid levels are higher in apical cholangiocyte membranes compared with the basolateral membrane (53) . Further studies are required to determine the exact mechanism of TF expression/activation in the ANIT model of intrahepatic cholestasis.
Although our results suggest a role for TF expressed by BDECs in ANIT-induced coagulation, we cannot rule out a role for TF expressed by other cell types. Previous studies indicated that TF is expressed by human hepatocytes (52, 55) . It seems likely that TF expressed by hepatocytes is normally inactive, as hepatocytes synthesize coagulation factors and are persistently exposed to components of the plasma. Interestingly, the TF activity in human hepatocytes was inhibited by N-acetyl cysteine, an antioxidant and precursor of GSH (52) . Liver GSH is critical for the detoxification of several xenobiotics and plays a key role in defending the liver against oxidant-induced injury (15) . A recent study indicated that GSH conjugation to extracellular sulfhydryl groups on TF may impair its procoagulant activity (46) . Thus xenobiotic-induced GSH depletion may be a key step in TF-dependent coagulation in liver. In agreement with this hypothesis, we have shown that two xenobiotics that induce marked GSH depletion in hepatocytes (8, 31) , acetaminophen and ANIT, induce TF-dependent coagulation in the liver. Further studies are required to determine whether GSH depletion or hepatocyte TF are important for xenobiotic activation of TF expressed by BDECs or hepatocytes.
The coagulation cascade could contribute to ANIT hepatotoxicity through multiple mechanisms. One possibility is that TF-dependent hepatic fibrin deposition aggravates hepatic parenchymal cell injury. Anticoagulation has been shown to reduce liver hypoxia in models of hepatotoxicity (10, 38) , suggesting that fibrin can disrupt sinusoidal blood flow. Another possibility is that fibrin clots act as a scaffold for the recruitment of other cells to the area of necrosis. Two candidate cell types known to participate in ANIT-induced hepatotoxicity are platelets and neutrophils. Platelet depletion reduced ANIT hepatotoxicity (3), although the mechanism of this protection is not known. Fibrin(ogen) binding to platelet integrins localizes and activates platelets (7) . This process could recruit and activate platelets within the area of necrosis in ANIT-treated mice. Platelets could contribute to injury by facilitating coagulation but have also been shown to contribute to liver damage independent of coagulation (29) . Another possibility is that ANIT-induced fibrin formation recruits and activates neutrophils. Several studies have shown that neutrophils contribute significantly to ANIT-induced cell injury (14, 34) . Deficiency in the adhesion molecule CD18 significantly reduced ANIT hepatotoxicity in mice (34) . The CD18-ICAM-1 interaction is required for neutrophil activation in some models. Of importance, fibrin(ogen) binding to Mac-1 (CD11b/ hTF ϩ mice) were treated with ␣-naphthylisothiocyanate (ANIT; 60 mg/kg) and livers were collected 24 or 48 h later. The severity of necrosis in liver sections was scored as follows: 0 ϭ no lesions, 1 ϭ a few individualized necrotic hepatocytes or a few small foci of hepatocellular necrosis, 2 ϭ many small, Ͻ100 m diameter foci of hepatocellular necrosis, 3 ϭ mainly small foci of hepatocellular necrosis, but a few larger foci, 4 ϭ many prominent, Ͼ100 m diameter foci of hepatocellular necrosis, and 5 ϭ confluent, extensive necrosis. CD18) on neutrophils also activates intracellular signaling and induces cell activation (50) . This interaction has been shown to play a key role in leukocyte activation and the innate immune response (19, 20) . Accordingly, the TF-dependent fibrin generation may contribute to ANIT hepatotoxicity by multiple mechanisms. Another possibility is that thrombin contributes to ANITinduced liver injury by activation of the tethered ligand G protein-coupled receptor protease-activated receptor-1 (PAR-1) (12) . PAR-1 is expressed by several cell types in the liver including sinusoidal endothelial cells, Kupffer cells, and stellate cells (9, 23) . PAR-1 activates intracellular signaling pathways that induce the expression of several proinflammatory genes, including neutrophil chemokines and adhesion molecules (13) . Although the contribution of PAR-1 to neutrophildependent hepatotoxicity is not completely understood, one study suggested that PAR-1 activation is a permissive event for neutrophil transmigration and activation. Perfusion of livers from LPS-primed rats with a PAR-1 agonist was sufficient to elicit neutrophil-dependent hepatotoxicity (9) . Accordingly, PAR-1 activation may play an important role in ANIT hepatotoxicity by activating neutrophils.
In summary, our results indicate that TF is expressed by BDECs and that acute intrahepatic cholestasis induced by ANIT causes TF-dependent activation of the coagulation cascade. TF deficiency inhibited both ANIT-induced biliary injury and hepatic parenchymal cell injury. The results suggest that TF plays an important role in liver injury induced by disruption of intrahepatic bile ducts.
